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INTRODUCTION

Statement of Problem

Satellites and other exoatmospheric systems are

subject to various radiation effects due to natural and

manmade environments which result in the generation of

localized electromagnetic conditions. These conditions

can disrupt normal electronic system functions. One

effect, known as System Generated Electromagnetic Pulse

(SGEMP) results from X-ray interactions with the

materials comprising the system. The source term

generating the SGEMP environment, given a photon source

of known intensity and energy distribution, is the X-ray

induced emission of electrons from external and internal

surfaces of the system. To accurately calculate the

electromagnetic environment, the emitted electrons must

be characterized in terms of their yield and energy

'istribution as a function of emission angle. This

characterization is required as a function of emitting

material, photon energy, and various angles of photon

incidence. An understanding of and a solution to the

SGEMP problem must therefore begin with quantitative

understanding of the X-ray induced electron emission.
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SeQuence of Events Leading to Electron Emission

A beam of photons characterized by the number of

photons of given energy per unit time per unit area

impinges on a target. The properties of the material,

i.e., the cross sections for various types of

interactions with electromagnetic radiation, and the

incident flux determine the reaction rate within the

material. The energy of the incident photons and the

appropriate cross sections determine the depth at which

an interaction takes place and the type of interaction

through the relative magnitudes of the cross sections

for the interactions possible. The specific interaction

then determines the initial conditions for the residual

particles. Principal photon-material interactions which

produce electrons are (Fig. 1):

a. Photoelectric interactions with a "bound"

electron

b. Compton interactions with "free" electrons

c. Pair production interactions with the Coulomb

field of a charged particle

Residual photons will have additional interactions

determined by their energy and the material properties

until they are absorbed or escape. Primary electrons

generated by the photon interactions undergo various

types of collisions, likewise determined by their energy

and the characteristics of the material. Subsequent

8
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transport of these electrons to a surface, with

intervening deflections and energy losses determine

their emission characteristics in terms of the number,

energy and angular distribution. The principal electron

interactions are elastic and inelastic collisions with

target nuclei and atomic electrons. Residual particles

from these interactions are generally the initial

electron degraded in energy deflected from its original

path plus secondary electrons resulting from ionization.

bremsstrahlung in turn results from nuclear inelastic

electron collisions.

For the X-ray energy range of interest for

satellite SGEMP effects, the primary interactions are

the photoelectric and Compton effects, subsequent

generation of Auger electrons and electron scattering

processes.

Theoretical Model

A simple empirical model for X-ray induced electron

emission has been proposed [1] which develops the major

features of the emission process. It accounts for

emission yield contributions from photoelectrons, Auger

1The experimental results will be compared primarily
with QUICKE 2M, a state-of-the-art analytical code
currently used for electron emission calculations.
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and secondary (knock-on) electrons, defines an expected

angular dependence and predicts the electron energy

distribution. The model will predict reverse emission

of electrons from a vacuum/material interface exposed to

an arbitrary fluence of X rays. Four simplifying

assumptions are made: (1) the electrons are generated

with uniform density in the exposed material with the

photoelectron source densities given by ow/cosa where

is the X-ray fluence at the surface, P is the

photoelectric linear absorption coefficient and a is the

angle of incidence of the X rays with respect to the

surface normal; (2) the electrons propagate i-

sotropically from their point of origin; (3) electrons

in the material travel their mean forward range,

determined by their energy at birth, in straight lines

and; (4) the electrons lose energy continuously

according to an effective stopping power approximately

twice tVe ordinary stopping power. This assumption is

based on the observation in some materials that the mean

forward range is approximately one half the mean path

length (comparable to the continuous slowing down

approximation range); and that dE/dx is relatively

material independent for electron energies of a few keV

to several hundred keV.
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FIGURE 2. Photoelectric Yield Model Geometry

With reference to Fig. 2 the contribution to the

yield coming from a primary photoelectron created by an

X ray of energy hv in a unit volume dv at slant range r

and angle 8 is

dy = P(hv) cos(

dv cos 41rr 2

In this equation u(hv)/cosa is the source density per

photon interacting in dv and cos6/47r 2 represents the

angular distribution of electrons leaving the surface at

angle e from an isotropic source at range r. The unit

volume dv can also be written as r2d~dr;hence the

differential yield can be expressed as
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= (h ) cos6 (2)

d2dr cosa 4m

The differential yield per unit energy and unit solid

angle is then

dy = i(hv) cose (dE (3)

d2dE cosa 4r \dr/

Integration of equation 3 over angle to obtain the

electron energy spectrum gives

_ (hv) (dE\ (4)
dE 4cos kdr)

The equations were developed for primary photoelec-

trons. However, the same energy and angle distributions

apply to the Auger and secondary electrons. The Auger

electrons result from atomic de-excitation after

photelectron ejection and the secondaries arise from

collisions of the primary photoelectrons and Auger

electrons with atomic electrons. Their contribution to

the emission yield is determined by the efficiency with

which they are created in the target material and the

limits of their energy distribution determined by the

energies they obtain at birth. The total yield of

emitted electrons from this model is the sum of the

individual contributions from photo, Auger and secondary

13



electrons. The energy distribution is obtained by

superposition of the individual distributions.

The major features of X-ray induced electron

emission predicted by this model are: (1) the angular

distribution of emitted electrons per unit solid angle

is proportional to cos6; (2) the shape of the energy

distribution is independent of angle; (3) since the

range of electrons in many materials is proportional to

E 2 , the yield distribution, (equation 4), will be

proportional to E, that is, a simple triangular dis-

tribution; and (4) for angles of X-ray incidence other

than a = 0, the yield increases as 1/cosa. The model does

not treat Compton interactions nor low energy

secondaries, but does include the primary elements of

electron emission resulting from photoelectric

interactions.

Summary of Existing Information

The characteristics of electrons emitted from

materials exposed to X rays have been the subject of

intense investigation since Roentgen's discovery of X

rays in the late 1800's. Much of this work has been

focused on experiments which yield information on the

details of the interactions of the photons with

individual atoms to clearly define the cross sections

14



for the various interactions taking place. By analyzing

the products of the interactions, i.e., the residual

particles, the nature of the encounter can be inferred

and the fate of the initial particles established.

Experiments performed for this purpose were

intentionally designed to minimize effects such as

multiple scattering of the primary electrons so that the

details of the individual interactions would not be

masked. It is precisely these effects, however, that

determine the characteristics of the electron emission

that are investigated in this experiment.

Prior to the early 1970's the bulk of the

experimental work had been directed at the measurement

of individual features of photon-induced electron

emission of importance to specific problems.

Independent measurements were made to determine emission

yield or energy distribution or angular distributions

for given source conditions and target materials. For

example the Soviet work in the early-to-mid 1960's

(2,3,4,51 concentrated on measurements of total yield,

energy and angular dependence of emission from various

cathode materials exposed to X rays in ionization

chamber and spherical condensors. X rays used in these

works were "monochromatic", obtained by selective

filtration of continuous bremsstrahlung spectra. (The

discrete X-ray energies covered a range of 4-28 keV).
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These results, corroborated by later experiments [6],

gave relative numbers of primary photoelectrons, Auger

electrons and secondary electrons emitted from the

materials studied. Later Soviet work (7] gave

experimental evidence for the cosine behavior of

emission yield and the relative angular independence of

the emission spectrum on emission angle.
2

The problem of interest to the satellite community

required corroboration of the Soviet experimental data,

an expansion of the data base to a wider variety of

materials and validation of the various computer codes

which can be used to predict electron emission. Toward

this goal, just prior to design and development of the

magnetic spectrograph system employed in this work,

Bradford [8] performed a series of measurements on

aluminum, copper, tantalum, and molybdenum employing an

electrostatic analyzer. The targets were placed in an

evacuated chamber and irradiated with a collimated beam

of bremsstrahlung X rays from a tungsten anode source

operating at 50kV potential. Two different X-ray

spectra were employed, determined by the presence or

absence of a thick aluminum filter. Electrons were

measured in 1 key energy intervals from approximately 3

2 The cathode materials investigated in references 2
through 7 included Al, Cr, Fe, Co, Cu, Ag, Sn, Te, Ta,
W, Pb and Bi.
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keY up to 50 keY. A variable source/target/detector

geometry permitted a determination of angular

dependence. The initial data (originally in error as a

result of a calibration source saturation problem) were

revised. 3  This work was later augmented by an ex-

perimental determination of the dependence of the

emission properties on X-ray angle of incidence [9].

In 1974 Dolan [i0] published the results of

bremsstrahlung X-ray induced electron emission from

aluminum, copper, silver an,3 tantalum. Various

accelerating voltages and fill,: . combinations were

employed to provide X-ray spectrum variations. Two

configurations common to Bradford's measurements were

used for comparison. The experiment used lithium

drifted solid state devices to detect electrons of

energy greater than 5 keV. Variable positioning of the

detector permitted determination of the emission yield

angular dependence. The measurements of Bradford and

Dolan have been used as primary sources of experimental

data for comparisons with computer code predictions of

X-ray induced electron emission.

A number of computer codes have evolved with

capabilities of predicting X-ray induced electron

3 The revision was documented as a 26 December 1972
addendum to Air Force Cambridge Research Labs Physical
Sciences Research Paper 510.

17



emission. Their genesis has followed one of two primary

paths (see Table 1) . The more complex detailed codes

have been built on the Monte Carlo technique employed by

Berger and Seltzer in the ETRAN (electron transport)

family of codes [11]. Codes of this type e.g., SANDYL

(12] include primary and secondary photon interactions

and primary and secondary electron interactions.

Primary and secondary electrons are treated with single

and multiple scattering techniques in the Monte Carlo

codes. On the other hand the analytical codes (e.g., RDA

model [1] and QUICKE 2 (13]) use simple exponential

attenuation for X-ray interactions and transport, and

approximations (effective electron stopping power) or

exact solutions to transport equations for electron

interactions. The analytical codes ignore secondary

photons and electrons and their subsequent interactions.

Another code, POEM [14], is a composite employing

analytical treatment of photon transport and condensed

Monte Carlo treatment of the electrons. Improved

versions of this code include secondary photon and e-

lectron interactions. A common deficiency of all these

codes is their inability to predict the emission

characteristics of low energy electrons. Although these

codes are "forced" to run at energies as low as 1 keV,

their low energy cut-off is typically in the 5-10 keV

region. This deficiency is a result of poorly known

18



Lco 41 0 u l0

-4~~ 0 30 C>- C

c > >4 >~ 0 >
0 U) 4) CU 0) w 0a 0
WU - Ad 0 0d 0 Lfl 41

(L 0 a u C-1 I E U

i0 L4 LoJ 0 OiLJ C
C4 0 01 3
0S4 L- LA (U -4 -4 vd(n

CL) 0 0
0f -4 C 0 , 0f4IU.

4 1 j Q) M C 0-~~~ 0 0 E~IU
L I Li~J 0a ' U A iU

u Lw A4 C6I~ 4,' C.1i0 Cidi0.V V) -4 1,-4

tw 0i.Q wE 0. U 0U a 44U 0 a4-

0. CaJ f . 1. 2 U .

ZC C
NJ W 0 n(

EU U 0 C U
41-

I- 0

0 0 0C

0 '

E-4 w wi~ CU

L)IC di0,)

0 0 a

I" EU di 0 .
41 U -4 (U a

EU EU 0
C C 4 0

00

_____~~4 ._ _ _ _ _ .__ _

4 19
to 2 xf



X-ray and electron interaction cross sections at these

low energies as well as the complications introduced by

the dominance of multi-scattering processes at low

energy for the primary and secondary electrons.

Other measurements and comparisons with code predic-

tions have been made on materials and at photon energies

outside the range of interest for the satellite

applications [15,16,171 . These experiments have often

employed MeV photon energies typical of medical

diagnostic equipment and have studied the distribution

of electrons emitted from bone, lead (source shielding)

and lucite to determine tissue dose distributions. In

addition Bernstein [18,191 has performed a series of

measurements employing pulsed and steady state sources

of extremely low energy X rays (<5 keV) to determine

emission characteristics of various conducting and

nonconducting materials using a plasma radiation source.

S~ecific Objective

The specific objective of this experimental work is

to develop and employ a technique to measure directly

the yield, energy distribution and angular distribution

of X-ray induced electron emission from various

materials. Experimental results will be compared with

previous measurements, where they exist, and with

20



analytical predictions where predictive capability

matches the measurement range.

The measurement instrument has been designed and

fabricated to make simultaneous determination of

electron emission yield and energy distributions at four

discrete emission angles, markedly increasing the

efficiency of data accumulation relative to other

techniques. Its configuration is adaptable to measuring

both forward and reverse emission (relative to the

direction of incident X rays) over a limited range of

X-ray incidence angles. Measurements presented here are

limited to reverse emission from normal incidence X

rays, a condition of fundamental importance in

understanding electron emission characteristics.

Extension of the electron energy range over which these

measurements are made allows intercomparison with

existing data, but more importantly, the determination

of yield below a few keV provides an experimental data

base previously missing. This experimental information

is important for comparison with analytical calculations

to determine the validity of the various computer codes

which are presently used to predict electron emission as

a first step in calculating SGEMP response. Limited

predictive capability of available codes at X-ray and

electron energies below a few keV contribute to

21



unacceptably large uncertainties in response

calculations.

Data for materials of particular interest to

satellite applications have been included in these

measurements. The dielectrics studied represent an

important, widely used class of materials which have

received inadequate attention in previous

investigations.

Experimental Approach

The experimental technique is based on magnetic

analysis of the energy of the emitted electrons. The

analysis is done in a semicircular magnetic

spectrograph, configured to define specific emission

angles relative to the direction of the incident photon

beam and surface normal of the target. Target materials

are placed in the beam to obtain the emission

characteristics at normal incidence. Emission yields

are measured in terms of the number of electrons of

energy E at selected emission angles 6k for specified

conditions of target material and orientation relative

to the photon beam. Measurements are made using a

photon source of known intensity and energy

distribution.
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The photons are generated by a constant potential

industrial radiographic X-ray unit employing a tube

rated at 2.5 kW at 100 kV potential. The tube contains

a tungsten anode and X rays exit through a beryllium

window. X-ray flux and energy spectrum are measured by

a NaI scintillation detector in conjunction with a

multi-channel analyzer. The materials to be

investigated are placed in the evacuated spectrograph

body with the collimated X-ray beam entering through a

thin Mylar window. Vacuum conditions are maintained by

a mechanical roughing pump and a gas absorption pump.

The variable magnetic field required for energy analysis

of the emitted electrons is established by an

electromagnet enclosing the spectrograph body.

"Windowless" helical channel electron multipliers

(Channeltrons or CEM) are used in the pulse saturation

mode as electron counters. The output of these de-

tectors is fed through amplifiers to scalers. (This

experimental setup is shown schematically in Fig. 3).

The X-ray source generates a bremsstrahlung

spectrum with a maximum energy variable from 25 keV to

100 keV. Instrument calibration permits reliable

detection of electrons in the energy range 100 eV to a

few hundred keV. Data are obtained by counting for a

predetermined period at a given magnetic field strength

for a number of field intensities. The electron enerqy

23
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spectrum is constructed in a stepwise fashion. The

targets were thick compared to the range of the most

energetic electrons created by the X-ray interactions.

Investigation of backward emission under these

conditions maximizes the effect on the yield due to

multiple scattering events. Representative metals

investigated for backward emission characteristics were

magnesium, aluminum, copper, tantalum and lead.

Measurements were also made on the following materials

used extensively in satellite construction: Mylar,

silica cloth (external thermal blanket), SiO 2 (solar

cell cover glass) , Kevlar (antenna dishes), conducting

and nonconducting epoxies (structural members) and a

conducting paint (thermal control surface).

The remainder of the dissertation describing this

effort is organized as follows: Section II details the

spectrograph design and describes experimental

equipment. Section III discusses instrument

calibration. Section IV contains the experimental

results and Section V concludes with interpretation of

results, comparisons with existing data and a summary.
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SPECTROGRAPH DESIGN

Basic Instrument

Basic design parameters and theory of standard

semicircular magnetic spectrographs are described by

Siegbahn [20]. In its simplest form, such a device

consists of a source of energetic charged particles,

defining slits which define a beam of particles in the

plane of the spectrograph, deflecting magnets producing

a field perpendicular to the particle trajectories and a

means of detection arranged in such a way that particles

in the beam with equal radii of curvature in the

magnetic field will be focused on the detectors after

traversing a semicircular path. Depending on the ap-

plication intended, such devices can be made for

high-resolution beta spectrometry or other charged

particle analysis. Various detectors can be employed

(photographic plates, nuclear emulsions, GM tubes, solid

state detectors, photo multipliers, Faraday cups, etc.)

and several operating configurations (relative locations

of source and detector) are possible. The basic

advantages of the single focusing semicircular

spectrometer are simplicity of design and operation,

accuracy of magnetic field control and measurement,
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adaptability to various detector types and ease of

calibration.

The fundamental scalar equation governing the

behavior of electrons in the constant magnetic field

region of the spectrograph is

m2
- qvB (5)

P

where m is the relativistic mass of the electron, p the

radius of curvature of the electron trajectory, q the

electronic charge, v the velocity component in the plane

of the spectrograph determined by the electron kinetic

energy upon emission from the surface of the source and

B is the uniform magnetic field perpendicular to the

spectrograph plane. Based on Fig. 4, two important

quantities describing performance parameters of a

semicircular spectrograph with a finite source of width

s are as follows:

R0  = 2 (6)
2p 2

: (7)

These quantities are strictly determined by the

instrument geometry and can be determined by simple

physical measurement. The resolution can be readily
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confirmed by calibration measurements with appropriate

sources. The base resolution R° determines the range of

acceptable values of p (at fixed B) which can be

detected by the instrument. The spread in the Bp values

(ABp) divided by Bp0 is the momentum resolution of the

device. For instruments with fixed geometry in which

the magnetic field is a variable, the momentum

resolution is a constant. Q defines the solid angle

determined by the height and width of the defining slit.

Since the slit openings are normally small compared to

the electron path length from the source to the slits,

the area defined by the aperture is approximately 42pY

where Z is the path length to the aperture and 2, and 2

are the horizontal and vertical angular apertures,

respectively. The fraction of the total 41T solid angle

is then given by equation 7.

Modifications for Yield. Emission Angle and Eneray

Determination

The instrument used in these measurements is an

adaptation of a semicircular magnetic spectrograph. The

coordinate system used to describe the trajectories of

the electrons within the spectrograph is shown in Fig.

5. The target is represented by the rectangle in the

X,Z plane at the origin of the coordinate system with n
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FIGURE 5. Spectrograph Coordinate System
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defining the surface normal. Electrons are emitted with

a velocity vector v e forming angle V with respect to the

plane of the spectrograph (X,Y plane) and whose com-

ponent in the spectrograph plane forms angle 0 with

respect to n. Electron trajectories with radius of

curvature Po are described in the plane of the

spectrograph as determined from equation 5 by vp I and

the magnitude of the magnetic field B.zI perpendicular

to the plane of the spectrograph.

The fundamental adaptation to the basic design was

to define four separate channels viewing different

emission angles relative to the target normal. This was

done by locating defining slits (primary and secondary)

and detectors for each emission angle e in accordance

with Fig. 6. From this figure, it is seen that in terms

of emission angle in the plane of the spectrograph,

coordinates x.,y i (an edge of a defining slit) and a

radius of curvature p of a trajectory passing through

(0,0) and (X,Y),

p2= x + y2 (8)

Y = Y + psine (9)
a

Xb = pcosO - X (10)
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and
tm Ytan - (11)

X

These equations reduce to

(X
2  + y2 ) 2

Cose+ )= (12)
2p

Angular acceptance bands as a function of p and the co-

ordinates of the primary and secondary defining slits

can now be calculated from equation 12. Table 2 gives

the primary and secondary defining slit parameters, and

Table 3 contains the angular acceptance band parameters

for source locations corresponding to the finite extent

of the target, the value of i.m and the area of themax

acceptance bands. Fig. 7 shows the predicted acceptance

bands for a source located at (0,0). The acceptance

bands are obtained from equation 12 by plotting the

values of 9 as a function of p for specific locations of

primary and secondary defining slits. The line marked

PU is determined by the upper edge of the primary, PL is

determined by the lower edge of the primary and SU and

SL by the corresponding edges of the secondaries.

Notice the anticipated response curve from a

monoenergetic source for such an arrangement would

consist of no response for p < Pl, a linear rise in re-

sponse from p, to P2, flat response from P2 to P3 , a
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linear decrease from P3 to p. and no response for

p > pa. (This predicted behavior will be examined

experimentally in Section III). In a manner similar to

that described for the simple semicircular spectrograph,

the baseline resolution is given by

AP - _ P I (13)

Po PO

For the configuration used, the value of P/po for each

channel for a source located at (0,0) is approximately

0.05.

The use of the secondary defining slits between the

primary slits and the detector is necessitated by the

mounting arrangement of the detectors and their finite

extent. Without the secondary slits serving as a

detector aperture, the entire detector area would be

available to intercept electrons which had passed

through the primary. The detector width (1 cm) relative

to the target width (0.2 cm) would significantly degrade

the energy resolution since electrons with a larger

range of Bp values would be accepted. In addition, the

secondary apertures prevent off-trajectory electrons

from striking the detector mount surrounding the

detector opening thus eliminating a source of secondary

electrons which would be counted by the detectors.

Definition of the vertical extent of the beam is

accomplished at the primary aperture. The geometry for
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vertical collimation as a function of the source height

hs , height of the primary aperture hp (placed midway

along the electron path length from target to detector)

and detector height hd is shown in Fig. 8. The detector

height is selected in such a way that any electron

leaving the source and passing through hp is intercepted

by the detector. It is seen that the source height is

given by

hs = h - 2h (14)

S2x 1I

z~h d
Z
2

T T
z, (h S + h ) 2X - (h +h

FIGURE 8. Vertical Collimation Geometry

The detector response r as a function of source height

and primary aperture height is proportional to their

product. That is
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r h h (15)
sp

To maximize the response, equation 14 is substituted in

equation 15, the result differentiated with respect to

h and set equal to zero. From this it is found that
p

hd
h s (16)

2

and

hd
h - (17)
p 4

The final internal configuration of the spectrograph

included two other sets of isolation barriers in

addition to the primary and secondary apertures. The

functions of these barriers were to (1) minimize virtual

sources of electrons "seen" by the primary aperture

resulting from scattered X rays within the spectrograph;

(2) suppress the number of "noise" electrons emitted

from the target or scattered within the target region

from reaching the primary aperture and (3) isolate the

individual channels from one another. The first two

functions were performed by a baffle isolating the

target region from the primary apertures. This baffle

consisted of a lead sheet (covered on the target and

aperture sides by low-Z material) with openings provided
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such that beam definition by the primaries was not

compromised. Isolation between channels was provided by

thin aluminum barriers placed between the primary

apertures and the detectors which separated a detector

region from its neighbors. The resulting "trajectory

tubes" are open to electrons at the primary aperture,

enclose the secondary aperture between the primary and

the detector and terminate in the detector itself. The

arrangement of target, barriers, apertures and detectors

within the spectrograph are shown in Fig. 9.
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INSTRUMENT CALIBRATION

X-ray Source Characteristics

Any attempt to measure the yield of photon induced

electron emission in an absolute sense (i.e., electrons

emitted per incident photon) requires certain knowledge

of the photon source. Ideally, intense monoenergetic X

rays of known intensity should be used. Practical

limitations imposed by X-ray source strength and

electron emission efficiencies dictate the use of

sources with X rays distributed in energy. With this

constraint the minimum information required about the

X-ray source is the total number of photons incident on

the target. Information regarding the spectral

distribution is of value for intercomparison of

experimental data and comparison with calculations from

computer codes which will accommodate photon energy

distributions. Qualitative and semi-quantitative

evaluation of the relative importance of photon energy

in emission efficiency also requires knowledge of the

X-ray energy spectrum.

For the purpose of initial experimental

determination of the beam intensity, energy distribution

and spatial distribution, the X-ray source was set up as

follows: The X-ray tube was placed in the position it
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occupies during backward emission measurements with a

lead collimator used to define the beam. Because of the

detection method used and the intensity of the source,

the detector was placed a significant distance from the

source and the detector area severely restricted. (See

Fig. 10). Detector output was routed through a preamp

to a linear amplifier. Direct output from the amplifier

was sent to a 400 channel analyzer and the multichannel

analyzer coupled to an X-Y plotter. In parallel with

the direct output, a signal was routed to a single

channel analyzer and from the SCA to a scaler. To

further reduce the beam intensity the X-ray generator

was operated at 1 ma current. These restrictions

permitted measurements to be made of the source output

at 25, 50 and 100 kV potential at counting rates below

saturation level of the electronics.

Energy calibration points for the X-ray pulse

height distributions were obtained using isotopes of

cesium and americium. Cs137 and Am241 give usable ref-

erence energies of 32 and 8 keV (Cs1 3 7 ; BaKcL/BaKa and

iodine K. escape) and 60, 31.5 and 18 keV (Am2 41 ; Y 1/Y 2 ,

iodine K. escape and NpL X rays). The single channel

analyzer (SCA) "window" was established by a precision

pulser and was set to cover the energy range resulting

from a given X-ray tube potential. Resolution of the

scintillation detector as a function of energy was
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determined using the isotopes above and information pro-

vided by the manufacturer. The filtered and unfiltered

50 kV X-ray spectra ultimately used in the electron

emission measurements are shown in Fig. 11. For these

X-ray spectra, the 2.54 cm x 2.54 cm Nal scintillation

crystal is totally absorbing and hence no energy

dependent efficiency correction was applied. Also the

effect of K-iodine escape radiation was neglected. (The

measured spectra compare favorably with results obtained

by other investigators using similar operating

conditions (8,9,21]). Determination of the source

intensity was made using the data from the SCA and

scaler. The scaler counted all pulses between the low

energy cut-off (determined by the beryllium window in

the tube) and Emax (determined by the maximum X-ray tube

accelerating potential). The detector collimator

consists of a 0.32 cm thick lead disk with a 0.0152 cm

aperture on center. This defines an effective detector

area of AD = 1.82 x 10- 4 cm2 . The photon flux at a

distance D is obtained in terms of the number of counts

per unit time passing through AD and is given by

SD = C/tA D where C is the total counts and t counting

time. The lower level used for the SCA window was 3

keV. The upper level was arbitrarily set above the maxi-

mum energy anticipated for each accelerating potential

(46, 82 and 122 keV) for 25, 50 and 100 kV potentials re-
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spectively. The photon fluxes determined in this manner

with 1 ma tube current were:

__________________( ho ns>
Tube Potential (kV) D cm2 sec

25 7.44 x 106

50 19.38 x 106

100 54.06 x 106

The source intensity at the target position in the

spectrometer (25.4 cm) was too high to measure directly

with the scintillation detector. However, measurements

can be made closer than D = 198.9 cm at 25 kV potential

and 1 ma current. Using the source detector collimator

and identical settings on the SCA from the previous 25

kV run, the X-ray flux was again determined, this time

at D = 50 cm. Since the source dimensions are small

compared to the source/detector separation and the de-

tector views the entire radiating area of the source, a

l/D2 behavior is anticipated. The expected X-ray flux

under these conditions would be 1.18 x 108 photons/cm
2

sec. Measured values (averaged) yielded an X-ray flux

of 1.18 x 108 photons/cm2 sec. This I/D2 behavior is al-

so valid at the target location (i.e., 25.4 cm

source/target separation compared to a projected X-ray

source spot size of 7mm x 7mm) and hence the photon flux

at the target can be calculated from measurements made
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with the scintillation detector used as a normalization

counter.

Detector Characteristics

The quantumi efficiency as a function of electron

energy for channeltron detectors is a function of

several variables associated not only with their

specific design but also of the experimental

configuration in which they are used. Ideally,

detectors should be measured individually to determine

the energy sensitivity function in their intended mount-

ing configuration. This involves an elaborate

calibration arrangement requiring an accurately

controlled electron source for the absolute measurement

of detector efficiency which was not available for these

experiments. Other investigators have measured the

quantum efficiency of several types of channeltrons and

data from these investigations compare favorably with

manufacturers specifications. Information supplied by

the manufacturer of the detectors used in this

spectrograph (Fig. 12) has been used to obtain the fol-

lowing expression for detector quantum efficiency.

-2 -3
E exp (4.5954 (2.79306 x 10-  eE 7.7847 x 10 E

(18)
-2

1.15498 x 10

E
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Channel electron multipliers work on the principal

of electron multiplication via emission of secondary

electrons from a continuous "dynode" and acceleration of

the secondaries in an electric field within the detector

between multiplication "stages". Since the devices are

not electromagnetically shielded, their operating

characteristics will be affected by the electromagnetic

conditions in which they operate. The detectors in the

spectrograph must operate in the applied magnetic field

used for energy analysis of the emitted electrons.

Previous investigators have shown that curved channel

multipliers exhibit alterations in their operating

characteristic as a function of the strength of the

magnetic field within which they are immersed. Data are

available on simple curved channels as a function of

field strength and detector orientation relative to the

field. Minimum perturbation to the detector operation

is noted when the plane of the simple curved detector is

aligned along the magnetic field vector. Maximum

perturbations occur when the field lines are

perpendicular to the plane of the detector. The

perturbations appear as a reduction in the count rate

from a constant source as the magnetic field increases.

Some improvement is possible by increasing the high

voltage bias on the detectors. This tends to diminish

the effect of the magnetic field turning secondary
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electrons into the wall of the channel before they have

acquired sufficient energy to create additional

secondaries. Proper orientation of the detectors and

increasing bias to the maximum level recommended by the

device manufacturers yields a flat response up to ' 150

gauss for a simple curved channel.

The same characteristics were investigated for

helical detectors used in this electron emission

spectrograph. If the helix has a very shallow pitch and

is oriented such that the axis of the helix is

perpendicular to the magnetic field, behavior similar to

that obtained with the curved channel with the plane of

the curve parallel to the field should be expected.

The X-ray generator was used to provide a constant

source of particles uninfluenced by the magnetic field.

This gives a controllable source of excitation which can

be turned on and off for source and dark count and dark

count only comparisons as a function of field strength.

Source strength and exposure geometry were such that

beam filtration and a limiting aperture were employed to

obtain a reasonable count rate (i.e., < 103 cps.). Use

of a 0.08 cm aluminum filter and a 0.015 cm diameter

source aperture provided a constant count rate of ,350

cps at B = 0 gauss. Background (dark current) count

rate at B = 0 gauss was < 4cps. A diagram of the

measurement geometry is shown in Fig. 13. Results of
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the measurements made at 3.5 and 4.0 kV detector bias

are shown in Fig. 14. The 4.0 kV operating condition

was used for the magnetic field correction in electron e-

mission measurements. Subsequent calculations used the

following magnetic field correction to the detector

response,

-M aB3  (19)

where eM is the efficiency as a function of magnetic

field strength B and the constant a = 0.13 x 10-6. (The

maximum correction required was -t3% at B = 60 gauss).

Background Count Rates

Since the experiment is designed to measure

electrons emitted at extremely low count rates into

small solid angles, the detectors must exhibit an

inherently low "dark count". In addition, since the X

rays enter the spectrograph to interact with the target

and must subsequently traverse the instrument to exit,

the potential exists for many secondary sources of

electrons which would constitute background in the

signal to be measured. In particular, the target mount

must present an extremely small interaction

cross section for the X rays. This was accomplished by
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designing the mount in such a way that the only material

in the target plane other than the target was small

segments of 0.0025 cm diameter aluminum wire (Fig. 15).

The background from the target holder alone, which was

subtracted from the target emission, was obtained by

direct measurement of emission in each channel reduced

by the fraction of the counts which comes from those

portions of the wires which would normally be covered by

the target.

Measurements of the dark count CD in the detectors

operating at 4 kV potential with no intentional source

of electrons in the spectrograph (i.e., X-ray source and

ionization gauge off) established a baseline of CD < 1

cpm. Specifically, determinations were made under the

conditions shown in Table 4. For data runs the

background was established under condition 3.

Corrections for background including dark counts were

made for all targets. The degree of background

suppression from secondary sources within the

spectrograph (the target volume is a virtual sea of

scattered X rays and electrons) is evidenced by the lack

of cross-talk among the channels and the absence of

off-peak signal when using the electron source for

energy resolution measurements as will be shown in the

following section.
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FIGURE 15. Target Mount

TABLE 4

Background Count Rates

1. Holder removed < 1 cpm all channels

Source =f ion gauge Qn

2. Holder in place <1 cpm all channels

Source 2f ion gauge Qn

3. Holder in place <4 cpm all channels

Source 2 ion gauge g

Magnetic Field Conditions

The magnetic field conditions within the

spectrograph are coupled with the spherical aberrations

of the electron optics to determine the instrument
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resolution. Ideally, the magnetic field should be

constant and uniform throughout the working volume and

in the absence of intentional space focusing should

exhibit negligible gradients perpendicular to the plane

of the spectrograph. Direct measurements within the

active volume were made to determine the field distribu-

tion. Two Hall effect gaussmeters were cross-calibrated

with reference magnets to establish correct settings for

the internal calibration mode of the instruments used

for subsequent measurements. One unit was used with its

probe in a fixed reference position to monitor any drift

in the field established within the active volume while

the probe from the second unit was mounted to permit

measurements along the paths of 10 cm radius defined by

specific emission angles. Measurements were made at 50

intervals along the arcs with field strength settings at

the control probe locations of 0, 5 and 95 gauss.

Deviations in the fields were < 0.02 gauss, < 0.07 gauss

and < .25 gauss respectively indicating approximately

±1.5% uniformity. Measurements of the spectrograph

resolution discussed in the next section include the

effects of magnetic field uniformity.
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Enerav Resolution

Measurement of the energy resolution of the spectro-

graph was used to verify the operation of the instrument

and as a cross-check on the mathematical formalism used

to determine emission yield from measured quantities.

From the discussions in Section II it is noted that for

a spectrograph operating with a fixed radius of

curvature and uniform magnetic field strength, the

momentum resolution ABp/BP0 is a constant determined by

geometry. In the range of magnetic field strengths of

interest to this experiment the energy resolution

AE/E = 2ABp/Bpo.

Experimentally, the resolution was determined by

measurement of electrons emitted by a thermionic source.

The energy was established by accelerating electrons in

a fixed geometry through an electric field accurately

controlled by a regulated high voltage power supply. A

thermionic source was chosen in preference to a

conversion electron isotope source due to the larger

currents available from the electron gun and its

adaptability to the spectrograph geometry. This choice

was made with some sacrifice in source stability. A

schematic and block diagram of the electron source and

its control circuit are shown in Fig. 16. The electron

source consisted of a thin walled machined brass

cylinder 1.25 cm high and 0.83 cm diameter. Insulated
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FIGURE 16. Energy Calibration Electron Source
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end caps of machined epoxy were center drilled and used

to position a 0.01 cm diameter tungsten filament along

the axis of the cylinder. Small brass connector

assemblies on each end provided mechanical support and

electrical contact for the AC current supply to the

tungsten filament. 1 The accelerating voltage was ap-

plied to the filament as a negative DC bias. The brass

cylinder was clamped at the spectrograph (ground)

potential. The electrons were emitted in a 1800 pattern

in the plane of the spectrograph through a 0.076 cm wide

half circumferential slot in the middle of the brass

cylinder. Currents on the order of 1 ampere were

sufficient to generate on the order of 104 counts/min

(peak) in the detectors. (Figure 17 shows a photograph

of the target mount, a detector and the electron

source).

The energy of the electrons was established by

setting the accelerating potential via the regulated

power supply. With the spectrograph at vacuum ('I0-5

torr) the AC supply current was turned on, the location

of the peak count rate was then established by

lit should be noted that the initial electron gun
configuration employed a DC current source which was
ultimately rejected due to the introduction of a
magnetic field component in the electron source region
which seriously perturbed the electron trajectories;
the AC current source eliminated the problem.
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sweeping the magnet field settings through the

anticipated region of peak response, and then sequential

measurements were made at the peak to confirm source

stability. With the electron source stabilized, a

systematic measurement of count rate versus magnetic

field strength was made in the four channels

simultaneously. From the results shown in Figs. 18

through 21 the spectrograph performed as expected from

the analysis in Section II. The detectors do not "see"

electrons until a magnetic rigidity corresponding to BQ1

is reached. Past that point the count rate increases

rapidly reaching a somewhat constant value between BP2

and Bp 3 and rapidly decreasing to a point at BP4 where

the detectors are again at background count rates.

Inspection of the results in a given channel at three

electron energies shows the resolution expressed as a

percentage to be a constant. For example, using the

results of channel 1 measurements at 0.25, 1 and 3 keV

the values of (ABp/Bpo) determined at full width half

maximum amplitude are 0.037, 0.038 and 0.039

respectively. In Section II it was shown that the

geometry of the spectrograph yields a value of

(LBp/Bp0 ) = 0.05 for baseline resolution. Hence, the

following has been demonstrated:
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1. Experimental measurements using a line source
confirm the anticipated resolution based on the

spectrograph geometry.

2. Calculations of the instrument sensitvity as a

function of line source position in the target

plane shows the resolution to be constant over

the target width of 0.2 cm (Table 3).

The final experimental results presented in the next

section include the effects of finite source width in

determining differential electron yields.
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EXPERIMENTAL RESULTS

Data Reduction Method

Data accumulated for determination of the electron

emission from various targets consisted of the number of

electrons counted in each detector over a measured time

interval as a function of magnetic field strength.

During this interval the fluence of X rays incident on

the target was also measured with the normalization

counter. The X-ray spectrum was determined from the

scintillation/PMT detector and the vacuum condition

inside the spectrograph was also noted. Counting in-

tervals were determined on the basis of count

statistics, emission efficiency and peak count rate to

background ratios and were varied depending on target

material examined. Counting intervals ranged from

approximately 5 minutes per datum point (high Z targets

near distribution peaks) to as long as 30 minutes for

the low Z targets. Processing of the raw data (counts

versus magnetic field strength) into differential

emission yield (electrons/ photon keV sr) involved the

use of the following equation.

(20)

N kA X ek , _ _ 1
LE M G 'k Nx  At  CX hP Ak [mc2 1( + 2
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(Development of this equation is included in Appendix A

and raw data from 12 materials are included in Appendix

B). G(a, k ) is the differential yield of electrons of

energy E emitted at angle Ok from the target. Nk and Nx

are the measured electron counts in each detector and

X-ray counts in the normalization counter respectively,

Ax and At are the areas of the normalization counter

detector collimator and emission target, while Zx and Zt

represent the source-to-detector and source-to-target

distances. Sk is the path length from the target to the

kth detector and h is the height of the primary
p

aperture. Ak is the integrated p dependent angular

acceptance band A6k defined by the primary slit width

and po defines the design radius of curvature for the

spectrograph. The quantity in brackets is the relativ-

istic conversion factor from momentum to energy in terms

of a = E/moc2  E and C M are the energy and magnetic

field efficiency factors respectively for the detectors.

(See equations 18 and 19). Note that for the electron

energies of interest a << 1 and equation 20 reduces to

the non-relativistic approximation.

N A
G(EOk) Nk x (t P: 1 1 (21)

Nx At ex hp 2E0 Ak CE M
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This can be compared to a geometrical approximation

(which assumes the angular acceptance bands are

independent of p) given by

Nk Ax Sk/2 Sk/2 1 1 (22

Nx  At  h Wk AE E M

In equation 21

Wk

Ak = Ae k (23)SSk/2

where Wk is the width of the primary aperture located

halfway between the target and detector along the elec-

tron trajectory and AE is the measured energy resolution

of the spectrograph.

Reproducibility. Errors and Accuracy

Examinati.on of the reproducibility of the

differential emission measurements was made with the

following sets of measurements. Data from Mylar,

aluminum, copper and lead were used to determine the

reproducibility of the ratio of the number of electron

counts in each channel to the number of X-ray counts in

the normalization counter at a specific magnetic field

strength. The magnetic field strength chosen was that

corresponding to the peak count rate in Channel 1. The
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reproducibility is stated in terms of the average of the

ratio Nk/Nx for n measurements with a standard deviation

obtained using "inefficient" statistics for sample sizes

n < 10 (aluminum, copper and lead) and "efficient"

statistics for Mylar n = 12. For example, for the Mylar

target twelve separate measurements were made of the

electron counts in each channel as a function of the

number of X rays detected in the normalization counter

at a magnetic field strength of 25.5 gauss. For each

measurement, the ratio of electron counts to X-ray

counts was computed and the results averaged for each

channel. The standard deviation was obtained using the

expression

a2 K 1k _ () 2 (24)
n-1

Similar calculations were done for aluminum, copper and

lead using an approximation for the standard deviation

given by [24]

range = x max 14x (25)

A summary of the results is given in Table 5 where the

reproducibility of the X-ray counts is included as well

as that of the electron to X-ray ratio. The X-ray

source reproducibility is within 4% and a reasonable
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estimate of the reproducibility of the ratio of electron

counts to X-ray counts is ±12%.

Random errors influencing the precision of the

experiment, once a series of measurements has begun, are

associated primarily with establishing and maintaining

the X-ray source parameters, setting timer/scalers and

regulating the magnetic field strength. With the

exception of the X-ray source, these devices employ

digital set-points and readouts; their precision is

determined by the instrument capability and the accuracy

of its calibration. The digital gaussmeter used in

conjunction with calibration magnets has a precision of

±2%. Errors in timing are not relevant since the

emission measurements are made as a function of X-ray

fluence rather than flux. Variations in the output of

the X-ray source were accounted for by use of the

normalization counter. Readout of the X-ray and

electron counts were obtained on electromechanical

scalers minimizing random errors associated with

estimates of scale readings. Based on the

reproducibility data, the precision of the measurement

technique as used is estimated to be ±15%.

Statistical errors, as they apply to this

experiment (the events recorded are not strictly random

in the same sense as nuclear disintegrations) are

treated by assuming a measurement of X-ray or electron
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counts can be expressed as N --N-. The electron count

includes background (dark count plus electrons from

sources other than the target). Hence Nk = (Nk - Nbkg)

where N k ' is the measured count, Nbkg is the background

and ak = I Nk + N . The quantity Nk/Nx is thenk k ~bkgk
expressed as

N N'-N
k Nk bkg + a (26)

N N kx
x x

where

Nk' -bkg N k@ N 1 + 1 (27)°kx N+

Nx Nk' + Nbkg Nx

Further, for all cases studied N >> Nk  + Nbkg and

equation 27 can be approximated by

Nk Nk' Nbk I )~1 t (28)

Nx  N /N k + N bkg

The expression for the energy integrated differential

yield is obtained by adding the individual differential

yields for each emission angle. The propagated

s t a t i s t i ca ] e r r o r is given by

a = (a1 2 + o2 2 + ...+an 2). The data in Appendix B

includes these statistical errors.

The dominant source of uncertainty contributing to

the accuracy of the results is the lack of exact data on
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the energy dependence of the detector response.

Referring to Fig. 12, the manufacturers data show a

range of values for detection efficiency as a function

of energy. Other investigators (25] have made

measurements of detector efficiency on various types of

channel electron multipliers and reported similar

variations. Over the energy range employed in these

measurements the variation in the detector efficiency is

no larger than approximately ±15%. Other systematic

errors associated with the geometry of the spectrograph

(target, aperture and detector positions, target area,

aperture dimensions etc.) are of smaller values. The

combined estimated accuracy and measured precision of

the measurements is ±30% obtained by assuming the

systematic and random errors are additive.

Differential and Integrated Reverse Emission Yield

Using the experimental data from Appendix B and the

appropriate spectrograph parameters in equation 20 the

differential electron yields for the various materials

are plotted in Figs. 22 through 35.1 Figure 36 shows

1 The curves for steeper emission angles with the
filtered spectrum and those for lower Z targets with
the unfiltered spectrum exhibit the effects of poorer
signal-to-noise ratios. This effect is seen as the
less smooth behavior of the differential curves
relative to the high Z targets.
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G(6k), the differential yield integrated over energy, as

a function of emission angle for each material, where

G(6k) = G(a,k) d (29)

Included in this figure are the error bars associated

with the combined experimental accuracy and precision

(±30%) as well as yield curves proportional to cos 2e,

cose and isotropic angular distributions. Figures 37

and 38 show the energy integrated emission of 300, 450

and 600 normalized to 00 emission compared with cose and

cos 2e emission distributions. The typical error bars

shown in these figures include only the random error

(±15%) of the total experimental accuracy. (The

systematic error cancels out of the normalized

quantities). The fractional error is defined V7 (0.15),

assuming the random error is the same for both

quantities in the quotient G(ek)/G(61).

In order to compute the total yield of reverse

emitted electrons, the energy integrated yield G (ek) is

integrated over the solid angle with the appropriate

angular dependence. Using cose behavior based on data

in Figs. 36 and 37,

G( k) f2r f T/2
y_ k ff cossindd (30)

cose k  0 0
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or

TT G ( k )y (3.1)

cose 
k

Using the experimentally measured data for 00 emission

and employing equation 22, the total yield for each ma-

terial was calculated. This information is summarized

in Table 6.

Table 6. Total Reverse Emission Yield Summary,
E > 0.1 keV; Filtered and Unfiltered Spectra

Gi x 103 Y x 103 Y x 10

Target Material electrons electrons \/coul
\Ysr/ Y / \Cal/

Pb 7.96 25.02 66.82

Ta (Filtered) 1.17 3.68 4.92

Ta 7.08 22.24 59.43

Cu (Filtered) 0.58 1.82 2.43

Cu 2.19 6.87 18.38

Al 0.78 2.45 6.55

Mg 0.56 1.76 4.70

Cover Glass 0.55 1.73 4.62

Silica Cloth 0.34 1.07 2.85

Thermal Control Paint 0.17 0.53 1.43

Kevlar 0.11 0.35 0.92

Mylar 0.10 0.31 0.84

Non Conducting Epoxy 0.07 0.22 0.58

Conducting Epoxy 0.06 0.19 0.50

77



Gelectrons\- key sr)

0 0 O:

, 30
0 45

A 60:

10-s

to-
i 0 - 1

• to
10.1 1i.0 1 . 0 .

0. 0ot.0 too-o
Ee (keV)

FIGURE 22. Differential Yield vs. Energy;
Cu with Filter

78



0 a

10-

E tkeV)

FIGURE 23. Differential Yield vs. Energy;
Ta with Filter

79



G~) (electrons
10

0 30'

£60,

I.0

0.1 1.0 10.0 100.0

E(key)

FIGURE 24. Differential Yield vs. Enerqy;
mg, Unfiltered

80



k) electronoN

a 30'
0~ 45.

A60*

10-

0.1 1.0 10.0 100.0

E e(key)

FIGURE 25. Differential Yield vs. Energy;
Al, Unfiltered

81



G~~ ~ ~ ~ CA0k /l~to

3o :0.

0 45
A 60*

10- 4

0-6

0.1 1.0 10.0 100.0
E (key)

FIGURE 26. Differential Yield vs. Energy;
Cu, Unfiltered

82



10-ykVs

a 30*
0 45*
A 60*

10-5

10-6

a0.1 1.0 10.0 100.0

E(keV)

FIGURE 27. Differential Yield vs. Energy;
Ta, Unfi~ltered

83



to,
3
) eectrons~

0 30.

£60*

101

10-1

0.1 1.0 10.0 100.0

E (koV)

FIGURE 28. Differential Yield vs. Energy;
Pb, Unfiltered

84



G~a.4 k i /octronsN

1 -4

0 o"

O 30,

0 45'

10-~

0.1 1, 10.0 100.0

e(keV)

FIGURE 29. Differential Yield vs. Energy;
Cover Glass, Unfiltered

85



Gb~.~k) electrons
-y keV srJ

0 45*

4, 60*

10-

O.J. 1.0 1.0.0

E (keV)

FIGURE 30. Differential Yield vs. Energy;
Silica Cloth, Unfiltered

86



I(lectro::)

i0 -

5:

0 Q°

10"50

IO 
"  

I

j ,I

c (k*Vl

1o411

FIGURE 31. Differential Yield vs. Energy;
Thermal Control Paint, Unfiltered

87



tsisek (1ctrons)

010

o 30*
0 45*

4 60'

10 
6

0.1 1.0 1.

E (keV1

FIGURE 32. Differential Yield vs. Energy;
Keviar, Unfiltered

88



G(0,8 lectrons\

0 30*

0, 45*

4 60'

0.1 1.0 10.0
E,(keV)

FIGURE 33. Differential Yield vs. Energy;
Mylar, Unfiltered

89f



G.k) (electron:)

0 60.

10'*

E (keVI

FIGURE 34. Differential Yield vs. Enerqy;
Nonconducting EPOXY, Unfiltered

90



G eC,6 ) lectrons

- 0 0*

0 30*

A 60*

1.0

10-

0.1 1.0 10.0

E (key)

FIGURE 35. Differential Yield vs. Energy;
Conducting Epoxy, Filtered

91



G(6 k (electrons)

10-

00
c0

10
- 3

cose A
U

isotropic

10 -0

O Pb 0 Thermal Control Paint e
3 Ta 0 Kevlar

O Cu 0 Mylar

Al & Non-Conducting Epoxy
Mg 0 Conducting Epoxy

C Cover Glass U Ta, Filtered Spectrum
O Silica Cloth *Cu, Filtered Spectrum

-5
10 , I I ,

0 10 20 30 40 50 60 70

k(degrees)

FIGURE 36. Energy Integrated Yield

92



A-15439 AIR FORCE WEAPONS LAB KIRTLAND AFB NM F/6 7/4l
X-RAY I NDUCED ELECTRON EMISSION.(U)
APR 82 C A AEBY

UNCLASSIFIED AFWLTR-81-222 .NL

2Lffffffffffff



11_L25_ S 2k I I tII IU
I .25 IIfII4 n~ 4'

"It m I . . . .



0.9.

0.7.

0.5-

a 2J 20- ;0 40 .0. 10*

0 k ideqreet

Fl(;uRE 37. Normalizu.d YJield vs. k
Metal Targetsk

93



0.

0

0 0

Cos

0.7

0.8

0.7

0.4
Cover gl~ass

Q silica clotn
0 thernal Control paint

0 myLar

N on-conauctifl9 epoxyo. conducting px

0.1

0' 104 20' 30' 40' so' 60' 70'

4 k (degrees)

FIGURE 38. Normalized Yield Versusa
Nonmetallic Targets

94



DISCUSSION AND SUMMARY

Features of Emission Curves

The dependence of electron emission characteristics

on the incident X-ray spectrum can be seen by comparing

the differential yields of copper and tantalum measured

with filtered and unfiltered 50 kV bremsstrahlung

spectra. Comparing the results for copper, Fig. 22 with

Fig. 26, it is seen that for the filtered spectrum

(broad peak in X-ray energy at "30 keV, Fig. 11) there

is a correspondingly broad buildup in the electron

energy distribution between 8 and 25 keV. This cor-

responds to the generation of primary photoelectrons of

energy Ee = hv - BEk from K-shell interactions. The

unfiltered spectrum has a much larger fraction of its

fluence below 20 keV and consequently gives a signif-

icantly larger electron yield due to K-shell or L-shell

photoelectron interactions from X rays below this

energy. Both curves show a more rapid increase in yield

just below the K-edge (8.9 keV) in X-ray absorption

coefficient as the energy of the X rays falls below the

K-shell binding energy and L-shell interactions begin to

dominate the photoelectric process. In particular, Fig.

26 shows a peak in emission occuring at approximately 5

keY which correlates with the increase in L-shell photo-
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electron generation and KLL Auger electrons (Ee = BEk -

2BEL ! 7 keV) . Electrons created by K-shell fluores-

cence X rays and subsequent L-shell photoelectrons will

also contribute to this portion of the emission

spectrum. Both curves exhibit a decrease in yield be-

tween 5 keY and 1 keV, the filtered spectrum falling

noticeably faster, as the relative number of X rays in

the incident spectrum decreases. The buildup in yield

below 1 keV is most likely attributable to lower order

Auger electrons and to low energy secondary electrons

generated near the target surface from ionization caused

by the more energetic photoelectrons and Auger

electrons.

A similar comparison can be made for the tantalum

data (Fig. 23 and Fig. 27). The electron emission

spectrum with filter shows a relatively larger

contribution from the 20 to 40 keV X rays than does the

unfiltered X-ray electron emission spectrum. The

distribution in Fig. 23 shows evidence of a broad peak

around 15 keV which corresponds to K-shell pho-

toelectrons (Ee < hv - BEK keY) from the peak of the

X-ray distribution. The L-edge in tantalum also occurs

at 15 keY, and an increasing steepness in the yield

occurs from about 12 keV to a peak at approximately 5-6

keV. This increase with the unfiltered spectrum results

from increasing L-shell photoelectron generation (Ee<
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hvpk - BEL 6 keV), and competing LMM Auger electrons

(Ee : BEL - 2 BEM 7 keV). A decrease in yield, similar

to that observed in copper, occurs between the peak and

1-2 keV (the filtered spectrum decreasing more rapidly),

and an increase from lower order Augers, fluorescent X

rays and low energy secondaries below this energy.

The increase in yield with decreasing X-ray energy

is noted by the difference in ordinate scales for

filtered and unfiltered data for copper and tantalum,

and a similar comparison for these materials for the

energy integrated yield as a function of emission angle

shown in Fig. 36 (the subscript F indicates the filtered

X-ray spectrum). For the same X-ray fluence in terms of

cal/cm 2 , the low energy spectrum gives factors of 6 and

4 greater electron yields for tantalum and copper

respectively.

Examination of Figs. 24 and 25 for magnesium and

aluminum, respectively, shows basically similar features

for the unfiltered spectrum. The K-edge absorption in

both materials is well below the low energy cutoff of

the X-ray spectrum, hence no noticeable discontinuities

appear in the electron energy distributions. Both show

contribution to their low energy electron emission

spectra from K-shell Auger electrons (Ee = 1.3 and 1.15

keV for Al and Mg, respectively). Figure 28 shows data

for lead with an u.ifiltered spectrum. The K-edge in

97



lead occurs at 88 keY, well beyond the high energy limit

of the X-ray spectrum. The L-edge absorption occurs at

approximately 16 keY, and a slight increase in the rate

of change of yield with decreasing energy can be noted

below this energy. M-shell absorption edges occur from

3 to 4 keV and a peak in the emission yield appears at

25 keV corresponding to M-shell photoelectrons (E e c hvpk

- BEM = 5 keV) generated from the peak of the X-ray

energy spectrum. Electrons of energy Ee < BEL - 2BEM

7.8 keV will also be generated by L-shell X-ray

fluorescence and the subsequent M-shell photoelectrons.

The peak in the yield distribution around 1.5 keV

correlates with fluorescence transitions between M- and

N-shell electrons after M-shell photoelectron interac-

tions; for example Ee BEM - 2BEN 2 2.1 keY. Low

energy secondary electrons are seen to increase below

0.4 keV.

Comparing the electron emission at specific

emission angles for a given material, it is generally

observed that there is not a significant variation in

energy distribution as a function of angle. Examination

of Figs. 24 through 28 for magnesium, aluminum, copper,

tantalum and lead show that the differences in emission

spectra which do exist are primarily in the low energy

region (Ee 11 keV) where emission tends to be more

nearly isotropic. A similar behavior is exhibited by
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the dielectric targets (Figs. 29 through 35), although

the measurement conditions (poorer signal-to-noise ra-

tios) tend to mask the similarity of the electron

emission spectra at different emission angles for each

material.

Contribution to the total electron emission yield

from electrons of energy 0.1 1 Ee < 1.0 keV for the

filtered and unfiltered X-ray spectra for all materials

examined was <10%. As a result, the electrons generated

by photoelectric, Auger and X-ray fluorescence

interactions will dominate the number of electrons

emitted from a surface exposed to X rays. The energy

distribution, angular distribution and quantum yield of

these electrons will basically determine the nature of

the source term for SGEMP response calculations. Low

energy secondaries E e _ 0.1 keV will always be present

due to ionizing events very near the surface from es-

caping primaries. Their contribution to the SGEMP re-

sponse will be minimal due to their relatively small

numbers and the presence of a space charge barrier which

will limit their travel from the surface.

As noted previously in Fig. 36 the energy

integrated electron emission yield varies as cos 2 e for

high Z materials; cos e from medium Z to low Z targets;

and exhibits a nearly isotropic distribution for the

lowest atomic number materials investigated. From this
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figure and the data shown in Figs. 37 and 38, the energy

integrated electron emission yield can be approximated

by a cos 6 dependence. (This approximation will over

estimate the spatially integrated yield for high Z

metals by 33% and under estimate the yield from lowest Z

materials by a factor of 2). The cos e dependence is in

agreement with simple models which assume isotropic

generation of photoelectrons within an electron range of

the material/vacuum interface and more complex math-

ematical models which predict electron emission and

include angle dependent X-ray and electron interaction

cross sections. The cos 2e curves shown in these figures

represent the relative angular distribution of

backscattered electrons for normal incidence of high

energy electrons on thick foils. Under these

conditions, electrons created by penetrating primary

electrons undergo a large number of scattering and ener-

gy loss collisions before being backscattered from the

surface of the foil 126). The cos 2 8 behavior

corresponds to the diffusion limit and is analogous to

the condition where penetrating X rays create electrons

at sufficient depth within a material that escaping

electrons undergo multiple scattering interactions

before being reverse emitted from the surface.
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Yield Dependence on Atomic Number

Figure 39 illustrates the dependence of integrated

reverse emission yield on the atomic number of the

target material. Experimental data includes dielectrics

as well as elements for the unfiltered X-ray spectrum,

copper and tantalum results with predictions for the

filtered X-ray spectrum and predicted yield for

aluminum, copper, tantalum and lead with the unfiltered

spectrum. The atomic number of the dielectrics is

represented with some uncertainty since the exact

composition of the samples was unknown. The solar cell

cover glass and silica cloth are basically SiO 2

compounds (effective Z = 11); the thermal control paint,

Kevlar, Mylar and epoxy samples are basically carbon

base compounds with estimated effective atomic numbers

ranging from 5 to 7.

The yield curve for the unfiltered spectrum shows a

z3 .3 dependence from Z = 6 to Z = 13. From Z = 13 to Z

= 73 the yield varies approximately as Z1 .3 and from Z =

73 to Z = 82 approximately as Z. This behavior (and its

departure from the Z dependence of the photoelectric

cross section) is a result of the spectrum of X rays

generating the emission and the contribution to the

yield from multiple interactions. The curve based on

QUICKE 2M results is similar in shape to the

experimental data. The slope of the yield curve from Z
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= 29 to Z = 73 for the filtered spectrum (Z0 .8) is lower

than for the unfiltered spectrum as would be anticipated

because of the higher average energy (and lower pho-

toelectric cross sections) for the X rays in the

filtered spectrum.

Comparative Results for Metal Targets. Filtered Spectrum

Comparisons are made of the present measurements

with those obtained by other experimenters (Figs. 40 and

41). Included in these comparisons are the predictions

made using the QUICKE 2M code. A summary of comparisons

of previous measurements and code predictions normalized

with respect to the present experimental results is

given in Table 7.

TABLE 7. Comparison of Previous Yield Results
and Code Prediction Normalized to
Present Experiment

E > 1.0 keV E> 5.0 keVe e

Cu Ta Cu Ta

Exptl 1.0 1.0 1.0 1.0
Bradford 1.9 2.6 ......

Dolan --- 1.5 2.0
QUICKE 2M 1.4 2.1 1.7 2.3
QUICKE 2 --- 1.6 2.0
POEM 1.3 1.9 ......
SANDYL --- 1.4 1.6
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Examination of Fig. 40 shows general agreement among the

three sets of experimental results for copper with

similar X-ray spectra. Relative to the present

measurements, the peak yield from Bradford's data is 50%

larger and shifted approximately 1 keV higher in energy.

Dolan's data at 5 keV shows a yield 23% lower. From

Table 7, the integrated reverse emission yields from

Bradford's and Dolan's data are approximately a factor 2

and 1.5 higher than the present measurements over

comparable energy intervals. The major contribution to

these yield differences occurs at electron energies

above 6 keV (Bradford) and 12 keV (Dolan). Comparison

of the present measurements with the QUICKE 2M calcula-

tions shows excellent agreement from approximately 1.5

keV to 10 keV. The code predicts a sharp increase near

the 1.1 keV L-edge which is not observed as distinctly

in the measured distribution. QUICKE 2M predicts an

integrated yield 42% greater than observed with the

major contribution being at electron energies greater

than 10 keV. Bradford's results for integrated yield

are approximately 40% larger than predictions, with

QUICKE 2M and POEM within 4% agreement. At electron

energies above 5.0 keV Dolan's measurements are within

4% of predictions, with agreement among QUICKE 2M,

QUICKE 2 and SANDYL codes better than 1%.
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Comparison of experimental results for tantalum are

shown in Fig. 41. Again the general shapes of the yield

distributions are similar with their peaks occuring

within 1 keV. Bradford's results are consistently high;

the peak yield is a factor of two larger than Dolan's

results and the present measurements. For electron

energies greater than 1 keV, Bradford's integrated yield

exceeds the present measurements by a factor of 2.6.

For electron energies above 5.0 keY Dolan's results for

integrated yield are a factor of two larger. Comparison

of QUICKE 2M predictions with the present experimental

results show reasonable agreement but stronger

definition of absorption edge features and consistently

higher yields. The code predicts an integrated yield a

factor of 2.1 larger than measured. For energies above

1.0 keV Bradford's integrated yield is 30% higher than

predictions, with QUICKE 2M and POEM within 6%

agreement. Above 5.0 keV, Dolan's results agree with the

average of the QUICKE 2M, QUICKE 2, and SANDYL

predictions, with the codes agreeing within 15%.

A summary of comparisons of previous measurements

(with quoted experimental errors) and code predictions

with the present experimental results is given in Table

8. The three sets of experimental data (EXPTL,

BRADFORD, and DOLAN) include experimental errors of

t30%, ±20% and ±15% respectively. The present
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experimental results for copper (E e > 1.0 keY) agree

with Bradford's results within 26%. Predictions made

with POEM are in closer agreement (9%) than those made

with QUICKE 2M (17%). For Ee > 5.0 key Dolan's results

and the present measurements agree within experimental

error. SANDYL predicts results within 5%, QUICKE 2M

within 25%. Bradford's results agree within 15%.

For the tantalum target (E > 1.0 keV) Bradford's
e

results are 57% higher than the present measurements.

The POEM predictions are 43% high with QUICKE 2M

predictions 60% high. For electrons above 5 keV,

Dolan's results are 29% above the present measurements

and Bradford's results are 66% higher. The SANDYL

predictions exceed the present measurements by 20%.

QUICKE 2M predictions are high by 74%.

In general, for the filtered spectrum, agreement

among the experimental results is better for electron

energies above 5.0 keV. Better agreement between the

present experimental results and code predictions are

obtained with the more complex codes (POEM or SANDYL)

than with QUICKE 2M. With the exception of Bradford's

results, the codes tend to over predict the measured

quantities with QUICKE 2M consistently above SANDYL or

POEM.
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Comparative Results for Metal Taraets. Unfiltered

Comparisons are made between the measured results

and predictions using QUICKE 2M for aluminum, copper,

tantalum and lead with the unfiltered X-ray spectrum.

Based on the acknowledged omissions in the physical

model used in this code (discussed later in this

section) only fair agreement with experimental results

should be anticipated. The unfiltered spectrum will

emphasize interactions in an energy region where the

deficiencies are most important. Figures 42 through 45

show the energy dependent reverse emission yield

integrated over 2 7T steradians using cosG angular

dependence. Table 9 compares experimental and

calculated energy integrated yield at e1 for energies Ee

> 0.1 keV, 1.0 keV and 5.0 keV. The experimental

quantum yield determined by cos e and cos 2 8 angular

dependence is also compared with calculated results.

Unlike the results for the filtered spectrum,

experimental results with the unfiltered X rays are

consistently larger than the predicted results. For

electron energies greater than 1.0 keV the ratios of

measured differential yield at 01 to the predicted yield

are 2.9, 1.4, 2.4 and 2.4 for aluminum, copper, tantalum

and lead respectively. For electron energies greater

than 5.0 keV the ratios are 2.5, 1.1, 2.8 and 2.6. With
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the possible exception of copper the agreement is

outside the estimated ±30% experimental accuracy.

As noted in Section I, QUICKE 2M treats electron

creation from Compton, photoelectric and Auger processes

ignoring secondary photon interactions (Compton

scattered photons, X-ray fluorescence) and the

generation of energetic secondary electrons (knock-ons)

caused by the primary photo, Compton and Auger

electrons. For the X-ray energies used, the error

introduced by ignoring Compton scattered photons and the

subsequent generation of electrons is negliglible. In

aluminum for example, the Compton cross section at 10

keV is only 1% of the photoelectric cross section and is

even smaller for higher Z materials. X-ray fluorescence

in aluminum is less than 2% of the Auger yield and is

also of negligible importance. Fluorescence in copper,

tantalum and lead can account for some increase in yield

with the ratio of X-ray fluorescence to Auger

interactions being 0.7, 0.3 and 0.7 for copper

(K-shell), tantalum (L-shell) and lead (L-shell)

respectively. The correction would not be applied to

the total yield but only as a partial contribution to

the Auger yield since the resulting electron created by

photoelectric absorption of the fluorescent X ray may or

may not be emitted.

ill
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FIGURE 42. Experiment/Code Comparison;
Al, Unfiltered
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FIGURE 43. Experiment Code Comparison;
Cu, Unfiltered
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Perhaps of more significance (but difficult to

quantify) is the contribution to the yield coming from

knock-on secondary electrons; particularly those created

near the emitting surface. These secondaries would be

created as a result of the multiple scattering and

energy loss collisions of the primary electrons and

would in turn become a source for additional knock-on

interactions. Since subsequent collisions of these

secondary, tertiary, etc. electrons result in energy

loss, their contribution can be important only if they

are created very near the emission surface. This

condition is most nearly satisfied by the last

interaction of an electron before it escapes the

surface. The yield of secondary electrons from surfaces

bombarded by energetic electrons can be a few tens of

percent (=30%) of the incident primaries for normal

incidence bombardment and is significantly enhanced

(factor of 2 to 3) for grazing incidence conditions.

The emission of electrons from a surface exposed to X

rays can be thought of as analogous to the enhanced

condition since the last interactions of escaping

electrons will occur near the surface. Certainly not

all the knock-on electrons created in this fashion would

escape. But assuming they are generated isotropically,

approximately half could contribute to the yield. These

electrons would all be of lower energy than the
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primaries that created them and contribute to enhanced

yield at energies of the primaries less the knock-on

electron binding energy and subsequent energy losses

prior to emission from the surface. This argument, if

valid, could account for at most a 30 to 45% increase in

yield. Such a correction applied to the QUICKE 2M

predictions brings them to within 10 to 40% agreement

with the lower limit of the experimental values. The

validity of this approach has limited merit, however;

the same argument applied to the filtered spectrum

results would produce a correction in the wrong

direction since the code over predicts results for that

case.

Aside from the lack of the code's consideration of

interactions previously discussed, the most plausible

explanation for the divergence of measured and predicted

results is the acknowledged deficiencies in the

treatment of X-ray and electron interactions below ' i0

keV; a situation common to all the codes discussed in

Section I.

Results for Dielectric Targets. Unfiltered Spectrum

Differential reverse emission yields from the

dielectric samples were shown in Figs. 29 through 35.

These materials are all basically low Z compounds (Z
eff-
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11) and as a result their quantum efficiencies are quite

low. Consequently, to obtain usable count rates, only

the unfiltered X-ray spectrum was used. The impact of

the low emission efficiency is seen in the less smooth

behavior of the differential emission curves relative to

the higher Z targets, and results from a poorer

signal-to-noise ratio in the detectors. That is, with a

fixed lower limit on background counts the data from low

Z targets will have larger relative uncertainties from

background subtraction. As stated earlier, the exact

composition of the dielectric samples (with the

exception of Mylar) was unknown. The silica cloth,

Kevlar and solar cell cover glass are basically SiO 2

compounds. The silica cloth is a woven fabric (which

unduly complicated mounting the sample) and is treated

with an unknown surface coating. Kevlar is similar to

fiberglass, bonded with an epoxy resin which is most

likely a carbon based compound. The solar cell cover

glass contains about 2% (by weight) cerium oqing. he

thermal control paint, Mylar and the epoxy samples are

carbon compounds. No information was available on the

paint sample and the epoxy materials were from company

proprietary samples. The composition assumed for Mylar

was C10 H804. With the uncertainties in composition of

the dielectric samples, calculations of the reverse

emission yields were not made although the codes
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generally have this capability if the constituent

elements and their relative proportions are known.

The angular dependence of the yield for these low Z

materials (Fig. 38) is less accurately represented by a

coso dependence and a trend toward an iostropic

distribution can be noted from the data. This effect

was reported by Dolan (10] and is tentatively explained

on the basis of the low Z materials being less efficient

in multiple scattering of electrons. Less than complete

multiple scattering would imply the emitted electrons

would retain some portion of the angular distribution

from the photoelectric interaction. This distribution

is peaked at right angles to the electric vector of the

incident radiation. That is, parallel to the emitting

surface in the case of normal X-ray incidence. Reliable

interpretation of the angular distribution is hindered

by the poorer signal-to-noise ratio achieved with the

low Z materials. In some cases the background counts

were comparable to the measured emission, particularly

in the higher emission angles channels. The effect of

reduced signal-to-noise is seen in the differential

yield curves in Section IV.

Figures 46 and 47 show the reverse emission yield

energy distributions integrated over angle with cose

dependence. As in the case of the metals discussed

earlier, features attributable to the photoelectric and
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Auger processes in the known major constituents of the

sample are readily apparent.

The specific objectives of this effort have been

met. An experimental technique has been developed and

successfully used in the measurement of X-ray induced

electron emission from a variety of materials including

a group of significance to satellite applications. A

data base has been established which extends measured

emission characteristics to an order of magnitude lower

energies than previously available. Direct measurement

of the angular dependence of differential yield

distributions has been made. Total yields based on

these measurements have been compared with previous

measurements and basic computational models. Departure

from the assumed cose dependence for low Z materials was

noted. The quantum yield of electrons of energy between

0.1 and 1.0 keV has been shown to be less than 10% of

the total yield for all materials investigated with the

X-ray spectra used in this experiment. Agreement with

data from previous measurements and code predictions

using a filtered X-ray spectrum is generally good with

exceptions noted. Comparison of the experimental

results obtained using the unfiltered X-ray spectrum
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with calculations from QUICKE 2M highlight a deficiency

in the code's ability to predict emission yield at X-ray

energies below 10 keV. The predictions ranged from

factors of 2.6 to 1.5 below measured yields. Only a

portion of this is attributable to not including

secondary (knock-on) electrons in the computational

model. The data base established will prove useful for

comparison of other computational methods and further

development of improved models of the X-ray induced

electron emission process.

The experimental apparatus and measurement

technique represent a powerful tool for direct

measurement of emission parameters. The present

configuration can easily be used to measure the yield of

low energy (<100 eV) "true" secondary electrons. The

spectrograph is readily adaptable to measurement of

forward as well as reverse electron emission and with

more extensive modifications could be employed with an

X-ray tube operating in a common vacuum environment.

This eliminates the need for a "window" between the

X-ray source and target, thereby significantly enhancing

the flux of low energy X rays. Improvements in the

accuracy require detailed measurement of the energy

response of the detectors--an effort not undertaken for

the current experiment.

124



APPENDIX A

DIFFERENTIAL EMISSION YIELD EQUATION

Consider a differential target element of area dxdz

located at position (0,0,0) in the spectrograph and

uniformly illuminated by normal incidence X rays of flux

?. 'Ddxdz is the number of X rays which strike the

differential element. The differential electron yield

G(E,,) is the number of electrons per unit area per unit

flux emitted into the solid angle d in the energy

interval dE. If il(x,E) is the solid angle viewed by the

kth detector the number of electrons N(E) of energy E in

dE reaching the detector from the target element is

given by

dNk(E) = 4Ddxdz j G(ES)d~dE (Al)

With reasonable restriction on the energy and angular

resolution of the spectrograph (i.e., the measurement

technique selects energy and angle increments which are

small relative to the functional variation in energy and

emission angle), G(E,4) is approximately constant and

equal to G(E,Ok). Therefore, equation Al reduces to

dNk(E) = dxdz G(E,6k)Qk(x,E)dE (A2)
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The solid angle for the kth detector is defined by the

area of the primary aperture positioned at Sk/ 2 along

the electron path from the target to the detector. From

Section II the height of the primary is hp and the

angular width is A6(x,p). From Table 3 (Section II),

is relatively insensitive to x over the target

dimensions and Qk(xE) can be expressed as

h AO(p)

S / (A3)Sk/

To express equation Al as a function of P a change

of variable is required. From the following equations

E = mc 2 
- m0c

2  (A4)

p my = eBp (A5)

M (A6)

The energy of the emitted electron can be written as

E = [(mOc 2 )2  + (ec)2(Bp)2]I/2 - m 0c
2  (A7)

The change in variable becomes

dE- = eBcB (A8)

dp

Where 8 = v/c and equation Al then reduces to

dNk(P) = qdxdz G(E,0k). 2k(P)eBcadQ (A9)
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Substituting for Sk(p) and integrating over the target

of width ws and height hs , equation A9 becomes

h PA k(P )
dNk () = wh G(E, k  (AI1)d~ k P) Sshs Sk/2

To integrate over p the following quantity is defined

A k 6k (p)dp (All)

and used in equation A10 to give

h
Nk = wSshsG(E,k) -P--- Ak eBc (A12)

Sk/2

A further simplification of this equation is

obtained by expressing eBca in terms of the

dimensionless quantity F - . rom equations A4 and
m0 c 2

A6 it follows that

eBc3 m ( + 2) (A13)
p + I

Hence,

N wch Gh A 2 a (a + 2) (A14)
k sG(, k) k

Sk/ 2  Po C + 1

Solving for G(ae k) yields

Nk  Sk/2 P0 + 1 -
G(,,O) 1 P (AIS)

k w h h Ak m0c
2 a(ct + 2)
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The equivalence iLh equation 20, Section IV,

(independent of the detector efficiency corrections) can

be seen by noting that

NX 2 (A16)

and

At =hsws (A17)
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APPENDIX B

EXPERIMENTAL DATA

This appendix contains 14 sets of experimental

electron emission data from 12 materials. For each set,

three tables of data are included. (a) Corrected

background in each channel as a function of magnetic

field strength, (b) electron counts in each channel

(with "error") as a function of magnetic field strength

and X rays incident on target and (c) differential

electron yield (electrons/photons keV sr) as a function

of electron energy. Detector efficiency and energy

integrated differential yield are also included.

LIST OF TABLES

a = Corrected Background

b = Electron Counts with Error, X-ray Counts

c = Differential Yield, Detector Efficiency, Energy

Integrated Yield
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TABLE B l(a)
Copper, Filtered Spectrum

Corrected Background

B,GAUSS BKGl BKG2 BKG3 BKG4

3.0 29. 0. 9. 22.
3.5 11. 7. 3. 13.
4.0 15. 0. 13. 12.
4.5 13. 14. 11. 11.
5.0 15. 15. 11. 11.
5.5 14. 13. 12. 14.
6.8 17. 16. 10. 13.
7.9 16. 14. 10. 14.
9.3 22. 16. 14. 9.
10.8 25. 13. 12. 7.
12.6 91. 58. 49. 39.
14.0 71. 39. 29. 26.
15.5 72. 30. 22. 26.
17.2 62. 28. 24. 25.
18.1 50. 25. 25. 23.
19.0 54. 21. 20. 16.
20.0 58. 18. 18. 15.
21.1 56. 19. 15. 10.
22.1 52. 16. 14. 16.
23.2 44. 16. 13. 13.
24.3 40. 16. 13. 11.
25.5 30. 11. 12. 8.
26.8 24. 9, 11. 5.
28.1 28. 11, 14. 9.
29.6 28. 12, 10. 11.
31.0 15. 7. 10. 8.
32.6 11. 5. 8. 5.
34.2 7. 6. 4. 4.
35.9 7. 4. 4. 4.
37.7 5. 3. 4. 4.
39.6 5. 4. 4. 4.
41.6 4. 3. 4. 5.
43.7 4. 3. 4. 5.
45.8 4. 3. 3. 5.
48.2 5. 4. 4. 6.
50.5 6. 5. 6. 7.
53.1 7. 9. 8. 8.
55.7 7. 15. 10. 7.
58.5 14. 21. 18. 19.
61.4 12. 9. 12. 19.
64.5 8. 12. 10. 1.
67.7 5. 7. 11. 15.
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TABLE B 2(a)
Tantalum, Filtered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.0 37. 6. 32. 27.
3.5 20. 14. 17. 15.
4.0 17. 17. 14. 13.
4.5 15. 16. 13. 13.
5.3 21. 19. 13. 14.

6.2 14. 17. 13. 14.
7.2 24. 16. 12. 15.
8.4 23. 20. 16. 18.
9.8 45. 30. 24. 24.

10.8 44. 23. 21. 23.
12.0 37. 21. 21. 19.
13.3 39. 27. 19. 14.
14.7 39. 17. 13. 14.
16.3 42. 17. 12. 15.
17.2 34. 15. 13. 14.
18.1 26. 13. 13. 12.
19.0 28. 11. 11. 10.
20.0 31. 10. 10. 8.
21.0 26. 10. 6. 7.
22.1 28. 9. 8. 9.
23.2 22. 8. 7. 7.
24.3 21. 8. 7. 6.
25.5 20. 8. 8. 6.
26.8 20. 8. 9. 4.
28.1 15. 5. 7. 7.
29.6 14. 6. 5. 6.
31.0 8. 3. 6. 4.
32.6 6. 3. 5. 3.
34.2 4. 3. 3. 3.
35.9 5. 2. 2. 3.
37.7 3. 2. 2. 2.
39.6 3. 2. 2. 2.

41.6 2. 1. 2. 3.
43.7 2. 2. 2. 3.

45.8 2. 2. 2. 3.
48.1 3. 2. 2. 3.
50.5 3. 3. 3. 3.
53.1 3. 4. 4. 4.
55.7 3. 8. 5. 3.
58.5 7. 10. 9. 9.
61.4 16. 13. 16. 26.
64.5 6. 9. 10. 13.
67.7 3. 10. 10. 10.
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TABLE B 3(a)
Magnesium, Unfiltered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 10. 10. 9. 8.
4.0 9. 9. 8. 7.
4.5 8. 8. 7. 7.

5.0 10. 9. 7. 7.
5.3 11. 10. 7. 7.
5.6 9. 9. 7. 8.
5.8 6. 7. 8. 10.
6.2 7. 9. 7. 9.
6.5 8. 11. 6. 8.
6.8 10. 10. 6. 8.
7.2 12. 8. 6. 8.
7.6 11. 9. 6. 8.
7.9 10. 9. 6. 9.
8.4 11. 9. 8. 9.
8.8 14. 11. 10. 9.
9.3 14. 10. 9. 9.
9.8 14. 9. 8. 8.

10.3 16. 9. 8. 8.
10.8 16. 8. 8. 8.
11.4 16, 9. 8. 8.
12.0 15. 9. 9. 8.
12.6 15. 10. 8. 7.
13.3 16. 11. 8. 6.
14.0 18. 10. 7. 7.
14.7 20. 8. 7. 7.
15.5 23. 10. 7. 8.
16.3 27. 11. 8. 9.
17.2 26. 12. 10. 10.
18.1 24. 12. 12. 11.
19.0 33. 13. 12. 11.
20.0 41. 13. 13. 11.
21.0 42. 17. 10. 12.
22.1 52. 16. 14. 16.
23.2 53. 19. 16. 16.
24.3 55. 22. 18. 17.
25.1 56. 21. 22. 15.
25.5 57. 21. 22. 15.
26.8 53. 21. 23. 12.
28.1 41. 15. 21. 20.
29.6 36. 16. 13. 15.
31.0 20. 9. 14. 11.
32.6 17. 8. 12. 8.
34.2 12. 9. 7. 7.
35.9 12. 6. 6. 7.
37.7 9. 5. 7. 8. 1
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TABLE B 4(a)
Aluminum, Unfiltered Spectrum

C)rrected Background

B,GAUSS BKGl BKG2 BKG3 BKG4

3.5 11. 10. 9. 8.
4.0 10. 10. 8. 8.
4.5 8. 9. 7. 7.
5.0 10. 10. 7. 7.
5.3 12. 11. 7. 7.
6.2 8. 9. 7. 9.
7.2 13. 9. 7. 8.
8.4 13. 11. 9. 5.
9.8 15. 10. 8. 8.
10.8 18. 9. 9. 9.
12.0 16. 9. 9. 8.
13.3 17. 12. 8. 6.
14.7 21. 9. 7. 8.
16.3 29. 12. 8. 10.
18.1 27. 13. 13. 12.

19.0 35. 13. 13. 12.
20.0 44. 14. 13. 12.
21.0 45. 18. 11. 12.
22.1 54. 17. 15. 17.
23.2 56. 20. 16. 17.
24.3 60. 24. 20. 18.
25.1 61. 23. 24. 17.
25.5 60. 22, 24. 16.
26.8 55. 21. 24. 12.
28.1 43. 16. 22. 21.
29.6 38. 16. 14. 15.
31.0 21. 9. 15. 12.
32.6 18. 9. 13. 8.
34.2 13. 10. 8. 8.
35.9 14. 7. 7. 8.
37.7 10. 6. 7. 8.
39.6 10. 7. 8. 7.
41.6 7. 5. 7. 8.
43.7 6. 4. 6. 8.
45.8 6. 4. 4. 7.
48.1 5. 4. 5. 6.
50.5 5. 5. 5. 6.
53.1 4. 5. 4. 4.
55.7 2. 5. 3. 2.
58.5 3. 3. 3. 0.
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TABLE B 5(a)

Copper, Unfiltered Spectrum
Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 20. 19. 18. 16.
4.0 18. 18. 15. 14.
4.5 15. 16. 13. 13.
5.0 18. 18. 13. 13.
5.6 17. 17. 14. 16.
6.5 17. 21. 11. 16.
7.6 22. 17. 12. 16.
8.8 27. 22. 20. 19.
9.8 29. 19. 15. 15.
10.8 34. 18. 17. 18.
12.0 30. 17. 17. 15.
13.3 33. 23. 16. 12.
14.7 41. 17. 14. 15.
16.3 54. 22. 15. 19.
18.1 49. 24. 24. 23.
19.0 64. 25. 24. 22.
20.0 80. 26. 25. 21.
21.0 85. 34. 21. 23.
22.1 106. 32. 29. 32.
23.2 109. 39. 32. 33.

24.3 117. 46. 39. 36.
15.1 113. 42. 44. 31.
25.5 113. 42. 44. 31.
26.8 109. 42. 48. 24.
28.1 87. 32. 44. 43.
29.6 75. 32. 27. 30.
31.0 41. 19. 29. 23.
32.6 34. 17. 24. 16.
34.2 25. 19. 15. 15.
35.9 26. 14. 14. 15.
37.7 18. 11. 14. 16.
39.6 19. 14. 15. 13.
41.6 13. 9. 14. 16.
43.7 12. 8. 11. 15.
45.8 11. 8. 8. 13.
48.1 11. 9. 9. 13.
50.5 10. 9. 10. 11.
53.1 7. 9. 8. 8.
55.7 4. 10. 7. 4.
58.5 5. 7. 6. 7.
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TABLE B 6(a)

Tantalum, Unfiltered Spectrum
Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 15. 14. 12. 11.
4.0 13. 13. 11. 10.
4.5 11. 12. 9. 9.
5.0 13. 13. 9. 9.
5.3 15. 14. 9. 10.
6.2 10. 12. 9. 12.
7.2 17. 12. 9. 11.
8.4 16. 14. 11. 13.
9.8 20. 13. 11. 11.
10.8 23. 12. 11. 12.
12.0 21. 12. 12. 10.
13.3 22. 16. 11. 8.
14.7 27. 12. 9. 10.
16.3 36. 15. 10. 13.
18.1 34. 17. 17. 16.
19.0 46. 18. 17. 16.
20.0 57. 18. 18. 15.
21.0 59. 24. 15. 16.
22.1 71. 22. 20. 22.
23.2 68. 24. 20. 21.
24.3 72. 28. 24. 22.
25.5. 79. 30. 31. 22.
26.8 76. 29. 33. 17.
28.1 60. 22. 30. 29.
29.6 53. 23. 19. 21.
31.0 29. 13. 21. 16.
32.6 24. 11. 17. 11.
34.2 17. 13. 10. 10.
35.9 18. 9. 9. 10.
37.7 13. 8. 9. 11.
39.6 14. 10. 10. 9.
41.6 9. 6. 10. 11.
43.7 8. 6. 8. 10.
45.8 8. 5. 5. 9.
48.1 7. 6. 6. 8.
50.5 7. 6. 7. 8.
53.1 5. 6. 6. 5.
55.7 3. 7. 4. 3.
58.5 3. 5. 4. 5.
61.4 4. 3. 4. 6.
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TABLE B 7(a)
Lead, Unfiltered Spectrum

Corrected Background

B,GAUSS BKGI BKG2 BKG3 BKG4

3.5 17. 17. 15. 13.
4.0 15. 15. 13. 12.

4.5 13. 14. 12. 12.
5.0 16. 16. 11. 12.
5.8 11. 13. 14. 17.
6.8 18. 16. 10. 14.
7.9 17. 15. 10. 15.
8.8 24. 19. 17. 16.
9.8 25. 16. 13. 13.

10.8 28. 14. 14. 14.
12.0 26. 15. 15. 13.
13.3 28. 20. 14. 10.
14.7 35. 15. 12. 13.
16.3 47. 19. 13. 16.
18.1 44. 21. 21. 20.
19.0 57. 22. 21. 19.
20.0 69. 22. 21. 18.
21.0 72. 29. 18. 20.

22.1 90. 27. 25. 27.
23.2 94. 33. 28. 28.

24.3 98. 39. 32. 30.
25.1 95. 35. 37. 26.
25.5 96. 36. 38. 26.
26.8 91. 35. 40. 20.
28.1 71. 26. 36. 35.
29.6 62. 27. 22. 25.
31.0 34. 15. 24. 19.
32.6 28. 14. 20. 13.
34.2 20. 16. 12. 12.
35.9 22. 11. 11. 12.

37.7 15. 9. 11. 13.
39.6 16. 11. 12. 10.
41.6 11. 7. 11. 13.
43.7 10. 7. 9. 12.
45.8 9. 6. 6. 11.
48.1 8. 7. 7. 10.
50.5 8. 7. 8. 9.

53.1 6. 8. 7. 6.
55.7 4. 8. 6. 4.
58.5 4. 6. 5. 6.
61.4 5. 4. 5. 8.
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TABLE B 8(a)
Cover Glass, Unfiltered Spectrum

Corrected Background

B,GAUSS BKGI BKG2 BKG3 BKG4

3.5 19. 0. 8. 8.
4.5 14. 15. 12. 12.
5.3 20. 17. 12. 13.
5.8 11. 13. 14. 16.
6.5 15. 19. 10. 14.
7.2 21. 15. i. 14.
7.9 18. 16. 11. 16.
8.8 25. 20. 18. 17.
9.8 25. 17. 14. 14.
10.8 29. 15. 14. 15.
12.0 26. 15. 15. 13.
13.3 28. 19. 14. 10.
14.7 36. 15. 12. 13.
16.3 47. 19. 13. 16.
18.1 44. 21. 21. 20.
20.0 73. 23. 22. 19.
21.0 74. 30. 18. 20.
22.1 91. 28. 25. 28.
23.2 92. 33. 27. 28.
24.0 92. 40. 28. 27.
24.5 99. 39. 33. 30.
25.0 108. 39. 38. 34.
25.5 102. 38. 40. 28.
26.0 101. 38. 39. 27.
26.8 95. 37. 42. 21.
28.1 74. 28. 37. 36.
29.0 69. 28. 30. 31.

29.6 65. 28. 23. 26.
31.0 36. 16. 26. 20.
34.2 21. 17. 13. 13.
37.7 16. 10. 12. 14.
41.6 11. 7. 12. 14.
45.8 10. 7. 7. 12.
50.5 9. 8. 9. 10.
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TABLE B 9(a)
Silica Cloth, Unfiltered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

4.5 15. 16. 13. 9.
5.3 22. 20. 13. 14.
5.8 12. 14. 15. 10.
6.5 16. 20. i. 15.
7.2 23. 16. 12. 11.
7.9 19. 17. 11. 17.
8.8 26. 21. 19. 18.
9.8 28. 18. 15. 15.
10.8 32. 17. 16. 17.
12.0 29. 16. 16. 14.
13.3 31. 22. 15. 11.
14.7 40. 17. 14. 15.
16.3 52. 21. 15. 18.
18.1 49. 24. 24. 23.
20.0 81. 26. 25. 21.
21.0 83. 33. 21. 23.
22.1 102. 31. 28. 31.
22.5 102. 30. 29. 31.
23.0 104. 30. 30. 32.
23.5 103. 37. 30. 31.
24.0 103. 44. 31, 30.
24.5 Ii. 44. 37. 34.
25.0 119. 43. 42. 38.
25.5 ill. 42. 44. 30.
26.8 105. 41. 46. 24.
28.1 82. 31. 41. 40.
31.0 40. 18. 28. 22.
34.2 23. 18. 14. 14.
37.7 16. 10. 12. 14.
41.6 11. 8. 12. 14.
45.8 10. 7. 7. 12.
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TABLE B 10 (a)
Thermal Control Paint, Unfiltered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 14. 2. 5. 10.

4.0 12. 0. 4. 10.
4.5 11. 11. 9. 9.
5.0 13. 10. 9. 9.
5.3 15. 9. 9. 4.
6.2 10. 12. 10. 6.
7.2 16. 11. 8, 1.
8.4 16. 13. 11. 12.
9.3 19. 14. 6. 3.

10.3 21. 12. 11. 11.
11.4 21. 11. 11. 10.
12.6 21. 13. 11. 9.
14.0 25. 13. 10. 9.
15.5 31. 13. 10. 11.
17.2 37. 16. 14. 15.
18.1 36. 17. 17. 17.
19.0 47. 18. 18. 16.
20.0 59. 19. 18. 16.
21.0 60. 24. 15. 16.
22.1 75. 23. 20. 23.
23.2 80. 28. 24. 24.
24.3 85. 34. 28. 26.
25.5 81. 30. 32. 22.
26.8 76. 29. 33. 17.
28.1 59. 22. 30. 29.
29.6 50. 22. 18. 20.
31.0 28. 12. 20. 15.

32.6 24. 12. 17. 11.
34.2 17. 13. 10. 10.
35.9 17. 9. 9. 10.
37.7 12. 7. 9. 10.
39.6 13. 9. 10. 8.
41.6 9. 6. 9. 5.
43.7 8. 6. 8. 6.
45.8 7. 5. 5. 8.
48.1 7. 6. 5. 4.
50.5 6. 6. 6. 0.
53.1 5. 6. 5. 5.
55.7 3. 0. 0. 3.
58.5 3. 3. 4. 0.
61.4 4. 3. 3. 0.
64.5 0. 0. 0. 0.
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TABLE B 11 (a)

Keviar, Unfiltered Spectrum

Corrected Background

B,GAUSS BKGl BKG2 BKG3 BKG4

3.5 4. 1. 0. 1.

4.5 14. 10. 7. 6.

5.3 19. 11. 1. 12.
5.8 11. 12. 8. 3.

6.5 14. 1.2. 10. 8.

7.2 21. 14. 0. 14.

7.9 17. 1.5. 8. 6.
8.8 23. 7. 3. 0.

9.8 24. 16. 13. 9.

10.8 29. 15. 14. 11.

12.0 25. 15. 15. 13.

13.3 28. 19. 14. 10.
14.7 34. 14. 12. 13.

16.3 45. 1,0. 13. 16.

18.1 42. 20. 20. 20.
20.0 69. 22. 21. 19.

21.0 71. 29. 18. 19.

22.1 87. 27. 24. 27.

22.5 88. 26. 25. 27.

23.0 93. 27. 27. 28.
23.5 92. 33. 27. 28.

24.0 90. 39. 28. 27.

24.5 97. 38. 32. 30.

25.0 104. 37. 36. 33.

25.5 98. 37. 39. 27.

26.8 92. 35. 40. 21.

28.1 70. 26. 35. 35.

31.0 35. 16. 23. 19.

34.2 20. 16. 12. 12.
37.7 15. 9. 11. 4.

41.6 11. 7. 4. 0.

45.8 9. 7. 6. 0.

50.5 3. 7. 0. 6.

55.7 4. 0. 0. 0.
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TABLE B 12 (a)
Mylar, Unfiltered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 28. 27. 24. 21.
4.0 25. 25. 21. 20.
4.5 21. 22. 18. 18.
5.0 25. 25. 18. 19.
5.3 30. 27. 17. 19.
6.2 20. 24. 18. 24.
7.2 31. 22. 16. 20.
7.9 26. 23. 16. 23.
8.8 36. 29. 26. 24.
9.8 37. 24. 20. 20.
10.8 44. 23. 21. 23.
12.0 39. 22. 22. 20.
13.3 42. 30. 21. 16.
14.7 55. 23. 19. 20.
16.3 71. 29. 20. 25.
18.1 64. 31. 31. 30.
19.0 87. 33. 33. 30.
20.0 109. 35. 34. 29.
21.0 114. 46. 28. 31.
22.1 140. 43. 38. 43.
23.2 141. 51. 42. 43.
24.3 158. 62. 52. 48.
25.5 147. 55. 58. 40.
26.8 135. 52. 59. 30.
28.1 105. 39. 53. 52.
29.6 95. 41. 34. 38.
31.0 54. 24. 38. 30.
32.6 45. 22. 32. 20.
34.2 32. 24. 19. 19.
35.9 34. 18. 18. 19.
37.7 24. 15. 18. 21.
39.6 26. 18. 20. 17.
41.6 17. 12. 19. 22.
43.7 16. 11. 15. 20.
45.8 15. 11. 11. 18.
48.1 14. 11. 12. 16.
50.5 13. 12. 13. 15.
53.1 10. 13. 11. 10.
55.7 6. 14. 9. 6.
58.5 7. 10. 8. 9.
61.4 8. 6. 8. 12.
64.5 5. 8. 8. 3.
67.7 3. 9. 9. 9.
71.1 2. 8. 7. 12.
74.7 1. 7. 6. 15.
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TABLE B 13 (a)
Nonconducting Epoxy, Unfiltered Spectrum

Corrected Background

B,GAUSS BKG1 BKG2 BKG3 BKG4

3.5 19. 0. 0. 5.
4.5 14. 15. 0. 12.
5.3 20. 18. 12. 13.

5.8 11. 13. 3. 0.
6.5 15. 15. 10. 3.
7.2 21. 15. 4. 0.
8.8 24. 19. 7. 12.
9.8 26. 17. 7. 14.

10.8 30. 15. 11. 7.
12.0 27. 15. 15. 13.
13.3 29. 20. 14. 10.
14.7 36. 15. 12. 13.
16.3 47. 19. 13. 16.
18.1 44. 21. 21. 21.
20.0 73. 23. 22. 19.
21.0 76. 31. 19. 21.
22.1 93. 29. 26. 29.
23.2 95. 34. 28. 29.
24.0 93. 40. 29. 28.

24.5 100. 39. 33. 31.
25.0 107. 38. 34. 34.
25.5 100. 37. 39. 27.
26.0 98. 37. 38. 27.
26.8 92. 36. 39. 21.
28.1 72. 27. 36. 36.
31.0 35. 16. 3. 20.
34.2 21. 14, 10. 13.
37.7 16. 10. 8. 5.

41.6 11. 8. 0. 0.
45.8 10. 7. C. 0.
50.5 0. 0. 0. 5.

190



I; t:40 *-* *m n -o
a)L A(Nc , .L .L oo m

0 mq NmN000O -r evm

*NNNNNNNNNNNNNNN N N% N N Nl N N N N CN 1- N N N

z

4.'

U0

t rzi(nLnc N qv % Ln N H4;4
0m 44--4

Z 
Na

0

ini.)~nN4 m 0l!0 0OH minWino0 N4 -
0 ii~ r- 4 m40 Nr- O 4(~ F-4 r .-

191



00 -J

oD'
0

4 r(-

19



o ;I
o ~0 0 C4 0~0 rr-D nLIVfN044 0 0 0 000000 M0

0N e n . 000001400N000l-40140 0 00000000000

-4J I

V1 0

o4 0 N O4 0 0044 0 0 0 0 0 0 0
4 -4 000~0000^ .004000000O00000000000

>4 Nl 00000600000000000000000000000

4 j e .

00000000000 0000000000000
U 0000000.a0000000000 000000000

4

E- JU 0000000000000000000000000000

. .000O ooo.o o . 000000000o

PO a

.4

4N] 000 00000000000000000 ~00

0 D00 00 M Dr N 4N00 0 %C ( t n
.- ON ON OOOOO.H- 4 41,40 0 0 80 0 ,0 080

]o000000000000000000000000 0

SOD n 0o o oc o o LO0-O No o 0 ooo 0 Nuo NLM O.4 M

N en fn V D O 0 N 6 M OD LA CO fn 0 N L-0 fm O N N o 4

~~~~~~~H ~ ~ ~ ~ ~ .- 4 4. MM4 AL. AL A~ . N

--olooOfo oooo



00

o00
.00

0 o
o in

a 00
a4 00

0 0
4.C

0I
000

0 40

o407

0

000

-4- 0N

419



TABLE B 14(a)

Conducting Epoxy, Unfiltered Spectrum

Corrected Background

B,GAUSS BKGl BKG2 BKG3 BKG4

3.5 21. 20. 11. 16.

4.5 15. 16. 13. 13.

5.3 22. 12. 13. 14.

5.8 12. 14. 3. 19.

6.5 17. 10. 11. 16.

7.2 24. 17. 8. 16.
7.9 19. 17. 10. 17.
8.8 27. 9. 9. 18.

9.8 28. 18. 15. 15.
10.8 33. 17. 16. 17.
12.0 29. 17. 17. 15.

13.3 31. 22. 16. 11.
14.7 39. 16. 13. 14.

16.3 52. 21. 15. 18.
18.1 49. 24. 24. 23.
19.0 64. 25. 24. 22.
20.0 80. 26. 24. 21.
21.0 82. 33. 20. 22.
22.1 100. 30. 27. 30.
23.2 101. 36. 30. 30.

24.3 107. 42. 35. 33.
25.5 107. 40. 42. 29.
26.8 99. 39. 44. 22.
28.1 78. 29. 39. 39.
31.0 38. 17. 27. 21.
34.2 22. 17. 13. 13.
37.7 16. 10. 11. 14.
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